A remote sensor for measuring on-road vehicles passing the sensor in real time is described. This sensor expands upon previous technology that measured carbon monoxide, carbon dioxide, and exhaust hydrocarbons in the IR and nitric oxide in the UV. The design adds the capability to measure nitrogen dioxide in the UV with one spectrometer and to measure SO 2 and NH 3 along with NO in a second UV spectrometer. With these units operating side by side, the major mobile source precursors to secondary aerosol production can be measured simultaneously and in real time. Detection limits for NO 2 , SO 2 , and NH 3 are 1.2, 0.72, and 0.78 g pollutant per kilogram of fuel, respectively.
I. INTRODUCTION
Secondary aerosols and their precursor molecules have come under increased scrutiny because of their adverse health effects. Recent findings have discovered that health effects from inhaling these fine particles go beyond lung illness and contribute to heart problems.
1 These aerosols are made through tropospheric acid-base reactions involving ammonia ͑NH 3 ͒ with sulfuric and nitric acids formed from atmospheric oxidations of sulfur dioxide ͑SO 2 ͒ and nitrogen oxides ͑NO x ͒. In a study of particulate matter Ͻ2.5 m in diameter ͑PM 2.5 ͒ within the Los Angeles Air Basin, ammonium ͑NH 4 + ͒ comprised from 14% to 17%, sulfates 9% to 18%, and nitrates 28% to 41% of the mass.
2 These three components make up to 76% ͑by mass͒ of all PM 2. 5 .
It is well known that diesel vehicles produce significant quantities of NO x and particulate matter ͑PM͒. 3, 4 It is estimated that in California, by the year 2010, heavy duty diesel vehicles alone will account for approximately 23%-28% of mobile source NO x emissions and 12%-16% of mobile source PM emissions. 5, 6 Recognizing this problem, in November of 2002 the California Air Resources Board passed legislation for heavy duty diesel vehicles that closely matched those standards of the U.S. Environmental Protection Agency by including supplemental test procedures and lower emission standards. 7 These regulations reflect an approximate tenfold reduction in both NO x and PM emissions from heavy duty diesel vehicles. 7 Of concern is the use of continuously regenerating diesel particulate filters ͑DPF͒ to reduce PM emissions in diesel vehicles. 8 The downside to this technology is that it involves the production of primary nitrogen dioxide ͑NO 2 ͒ which is a concern because it is implicated in the formation of aerosol species and certainly accelerates ozone formation. [9] [10] [11] [12] Sulfur dioxide released from mobile sources comes from the combustion of sulfur compounds in fuel. The U.S. is in the process of reducing sulfur in fuel for all mobile sources. This process begins with ultralow sulfur on-road diesel fuel in 2006, followed by incremental sulfur reductions in nonroad diesel fuel in 2007, 2010, and 2012. There are currently no methods to measure the successful reduction from mobile sources. Although the U.S. is reducing sulfur in fuel and thus mobile source SO 2 emissions, off-road fuel generally contains more sulfur and worldwide some fuels contain more than 600 times the U.S. limit. 13 Off-road, high sulfur diesel fuel is less expensive due to reduced taxes and as such may be prone to illegal use in on-road vehicles.
Studies have shown that the chemistry over the threeway catalyst installed on gasoline-powered vehicles can result in the formation of NH 3 .
14, 15 The three-way catalyst has reduced carbon monoxide ͑CO͒, volatile organic compound ͑VOC͒, and nitric oxide ͑NO͒ emissions substantially but may have the unintended consequence of increasing ammonia emissions and will continue to do so as the fleet turns over and vehicles with these systems dominate. Proposed use of selective catalytic reduction ͑SCR͒ in diesel vehicles could also lead to increased NH 3 . SCR of nitrogen oxides can result in an "ammonia slip" when excess urea from the catalyst is hydrolyzed to NH 3 . As NO x concentrations vary, the amount of added urea can be too great and ammonia levels in the exhaust have been reported to be as high as 30 ppm. 16 The University of Denver Fuel Efficiency Automobile Test, or FEAT, 3000 series instrument is able to detect CO, VOC ͑reported as propane͒, and NO. Remote sensing technology has proven to be an accurate and reliable tool with advantages over other methods by being able to both measure very large numbers of vehicles and/or to identify individual high polluters. [17] [18] [19] The ability of current on-road remote sensing to provide a realistic emission inventory has been demonstrated by Singer and Harley 20 and by Pokharel et al. 21 This article demonstrates the added ability to monitor NO 2 , SO 2 , and NH 3 . With this technology, remote sensors could now be used to identify high emitting NO 2 vehicles and with SO 2 detection, vehicles using ͑often illegal͒ high sulfur fuel. An improved understanding of mobile source NH 3 contributions to emission inventories could also be available. It is noteworthy that ammonia deposition, particularly in the western United States, has increased very significantly. 22 It is quite possible that this increase in ammonia deposition is due, at least partially, to the increasing percentage of catalyst equipped vehicles in the U.S. fleet.
II. EXPERIMENT

A. Instrument design
The FEAT remote sensor has been developed and described in detail elsewhere. 23, 24 The FEAT system consists of a collinear UV and IR light source approximately a foot above the road surface on one side of the road that directs parallel light from a 6 in. mirror across the road to the detector. Because of turbulence behind the vehicle and the fact that ratios to CO 2 are measured, exact height is unimportant. The light is focused from a mirror in the detector unit to a dichroic beam splitter ͑Acton Research͒ which serves to separate the beams into their IR and UV components. The IR light is then passed onto a spinning polygon mirror that sequentially directs the light across the four nondispersive infrared detectors with bandpass filters for measurement of CO, CO 2 , VOC, and reference. The UV light is reflected off the surface of the beam splitter and is focused into the end of a quartz fiber-optic cable, which transmits the light to an ultraviolet spectrometer. The UV spectrometer designed by Popp et al. uses a Czerny-Turner design and detection is accomplished by a 128-element photodiode array ͑PDA͒ detector ͑Hamamatsu, Inc.͒. 23 This spectrometer previously operated in the range of 218-234 nm, centered on the gamma band of NO at 227 nm. To incorporate the three molecular species, this spectral window needed to be expanded. Two separate spectrometers are used to detect this larger spectral window and the system can measure CO, VOC, NO, NO 2 , SO 2 , and NH 3 emissions simultaneously.
NO 2 detection
Nitrogen dioxide has the largest peak-to-valley change in absorbance without interfering species in a series of peaks between 430 and 446 nm as seen in Fig. 1 . 11 This near-UV region of the NO 2 absorbance spectrum is assigned the electronic transition of 2 B 1 ← 2 A 1 . 25 A shift of more than 200 nm was required to modify the spectrometer from the previous 227 nm NO peak. All that was needed to adapt to these wavelengths was to adjust the grating position. This was accomplished by machining a 5°wedge and inserting it under the grating mount to center the PDA of the spectrometer at 438 nm.
SO 2 , NH 3 , and NO detection
A second, separate UV spectrometer was used to measure SO 2 , NH 3 , and NO. This spectrometer had major optical improvements made to increase its sensitivity to ultraviolet light. The second spectrometer still needs to detect NO while expanding its detection down to 200 nm. Sulfur dioxide has a series of absorption bands between 200 and 230 nm. The assignment of these bands is not straightforward but has been proposed to be two electronic transitions, C ← X and D ← X. 26 Ammonia has five detectable absorbance peaks between 200 and 220 nm from the electronic transition A ← X. 27 The overlapping absorbance spectra of the detected species also require software.
B. Hardware improvements
Hardware improvements were only significant on the spectrometer designed to measure NO, SO 2 , and NH 3 . Figure  2 shows the increased light intensity at shorter wavelengths which made detection of SO 2 and NH 3 possible. The increased light intensity was a result of multiple optical improvements. The light source was redesigned with an offaxis, overhead arrangement of the IR filament and UV xenon arc bulb to help eliminate thermal patterns in the transmitted light. The light source incorporates a dichroic mirror to create the collinear UV/IR light. The beam splitter ͑Acton Research͒ was previously optimized for 227 nm but was replaced with one optimized at 215 nm. The difference in coatings can be seen in Fig. 2 where the 215 nm optimized splitter actually has a dip at 230 nm. The 6 in. reflecting mirror was purchased from Edmund Scientific but then sent to Acton Research Corp. for a special vacuum ultraviolet-
ultraviolet ͑VUV-UV͒ broadband coating. The detector unit also received an optimized beam splitter at 215 nm. The Acton mirror coating was applied to the 2 in. pickup mirror in the detector unit and to both 2 in. mirrors in the UV spectrometer.
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C. Software improvements
The software previously used a base-line-corrected absorbance calculation to determine the concentration of NO. Both spectrometers now employ a nine-point, first derivative smoothing routine developed by Savitzky and Golay. 28 This technique is used in the 430-446 nm spectrometer because the absorbances are small and in the 200-230 nm spectrometer where light intensity and signal-to-noise ratio are an issue. The spectrometers obtain dark, reference, and calibration spectra before vehicle measurements begin. The reference and calibration spectra are dark subtracted and the smoothing routine is applied to the calibration. Each passing vehicle is measured for 10 ms, 50 times ͑0.5 s͒. Each 10 ms scan is dark subtracted, ratioed to the reference spectrum, and smoothed. These values are ratioed to the calibration smoothed values to provide pollutant concentration versus time. These data are reported to the FEAT computer for correlation to CO 2 since the analysis of the emissions is a carbon-based mass analysis. The measurement and analysis are completed in less than 1 s in order for the system to report in real time and to enable measurement of vehicles closely following each other. Figure 3 shows the absorbance spectra of each species measured by the second spectrometer. SO 2 is the first UV-absorbing species determined and then its contribution is subtracted from the NO and NH 3 spectra. Although there is a series of SO 2 peaks, the three peaks at 219, 221, and 222 nm are used because there are no other interfering species from vehicle exhaust in this region. The NH 3 concentration is determined by its peaks at 209, 213, and 217 nm. The NO concentration is obtained as before from its peak at 227 nm.
III. RESULTS
A. NO 2 detection
The FEAT NO 2 remote sensor has been tested both in the laboratory and in parking lot studies. The noise level of NO 2 was determined by calculating the standard deviation from the instrument response with no NO 2 present in the beam path. The standard deviation was found to be 50 ppm cm. The FEAT 3000 unit and NO 2 spectrometer were then set up in a parking lot and used to measure simulated emissions from a certified gas bottle ͑Scott Specialty Gases͒ containing 498 ppm NO 2 and 15% CO 2 in N 2 . The mean ppm NO 2 / %CO 2 emission ratio from this study was 33.7± 1.1. This agrees well with the manufacturer's specification of a ppm NO 2 / %CO 2 ratio of 33.2± 0.6.
A light heavy duty diesel vehicle was used as a proof of concept for our studies. A 2001 diesel Dodge Ram 2500 truck was measured simultaneously with both the FEAT 3000 NO 2 system and a series of onboard instruments. The onboard platform consisted of a nondispersive ultraviolet ͑NDUV͒ NO/ NO 2 module ͑Sensors, Inc. #9110-141 Rev. B͒ linked downstream from a 5-Gas Analyzer ͑WPI Micro Processor Systems͒. The vehicle was measured during steadystate passes in front of the remote sensing instrument. These measurements were matched to the corresponding measurements from the onboard instruments. The mean NO 2 emissions in grams per kilogram of fuel ͑g/kg͒ from the remote sensor was 9.5± 0.8 g / kg while the onboard system recorded excellent agreement at 9.2± 0.8 g / kg.
B. SO 2 and NH 3 detection
The FEAT system has been tested both in the laboratory and in a parking lot study. The noise levels for the two channels were determined by liberating a mixture of the typical vehicle exhaust gases CO 2 , CO, propane, and NO from a calibration bottle in front of the instrument and recording the reported SO 2 and NH 3 values. The reported NH 3 concentrations gave a standard deviation of 32 ppm cm. The SO 2 standard deviation is slightly better at 24 ppm cm but had a positive offset of 40 ppm cm. When the pollutants are present in autoexhaust, well-resolved spectra are obtained from this instrument. Figures 4͑a͒ and 4͑b͒ show 10 ms spectra of exhaust from behind actual cars in a parking lot.
An approximation for SO 2 production from fossil fuel combustion in air can be described in Eq. ͑1͒.
Fuel sulfur is typically in parts per million and therefore the x fraction is a very small coefficient. A vehicle using fuel containing 1000 ppm sulfur by weight at stoichiometry should produce approximately 60 ppm by volume SO 2 in exhaust. The instrument's 3 limit of detection measuring SO 2 in exhaust allows for identification of a vehicle using as little as 150 ppm by weight sulfur in the fuel. The use of this technology to identify high sulfur fuel use through gross polluters of SO 2 can be seen in Fig. 5 . The vehicle represented by the squares is gasoline powered with fuel doped with dimethyl sulfoxide and represents a gross   FIG. 3 . Spectra of the calibration cells used with the instrument. The top plot is NO ͑2750 ppm cm͒, the middle is SO 2 ͑912 ppm cm͒, and the bottom is NH 3 ͑880 ppm cm͒. The spectra have been offset for clarity.
polluter. This vehicle has significantly different emissions than the diesel vehicle ͑circles͒ and the undoped gasoline vehicle ͑triangles͒. The fuels used were sampled and sent out for sulfur content analysis ͑Wyoming Analytical͒. Table I shows the measured fuel sulfur content from each vehicle, the expected SO 2 emissions, and the average SO 2 emissions.
The gasoline vehicles shown in Fig. 5 are equipped with three-way catalysts and the diesel vehicle has an oxidation catalyst. Catalysts have been shown to store sulfur and release it variably according to driving mode. 29 These measurements include the inherent fluctuations in driving mode. The doped gasoline and diesel vehicles both had nonzero mean SO 2 emissions and nearly equal relative standard deviations of 0.34 and 0.37, respectively. These vehicles show similar variability of SO 2 emissions which is most likely due to catalyst sulfur storage under some conditions. A working oxidation catalyst can further oxidize sulfur in the fuel from detectable SO 2 to undetectable SO 3 . 30 However, sulfur poisons catalytic converters. Therefore, this instrument that measures SO 2 will detect a vehicle which regularly uses high sulfur fuel because the fuel will have rendered the catalyst ineffective.
IV. DISCUSSION
For the first time, remote sensing was used to measure NO 2 and SO 2 emissions directly from the exhaust plume of a passing vehicle. These two species were measured with separate instruments but a future project is to combine the two spectrometers into one unit. The NO 2 on-road limit of detection has been determined by assuming that a gasolinepowered vehicle emits ͑as measured͒ none of the pollutant. Using this assumption and multiple measurements, the 3 limit of detection for NO 2 is 1.18 g / kg fuel or approximately 54 ppm in exhaust. This is almost an order of magnitude below the NO 2 emission level for a typical light duty diesel vehicle. This is a conservative estimate since there is a small amount of NO 2 emitted from a gasoline-powered vehicle. Subsequent studies have shown that optical adaptations which will provide more light to the optical fiber should lower instrument noise proportionately.
The SO 2 channel has the ability to detect vehicles using fuels containing differing amounts of sulfur. The on-road 3 limit of detection of SO 2 is 0.72 g / kg fuel or 24 ppm in exhaust. This is also a conservative detection limit since it is based on the runs from the lowest sulfur vehicle ͑119 ppm͒ which would still produce some SO 2 and have some real variability in the emissions.
Ammonia has been measured remotely behind passing vehicles previously. 31 This previous study reported a mean concentration of 44.7 ppm on 2091 vehicles. They report negative values as low as −165 ppm. Negative readings are a result of the noise of the instrument. On-road studies using the FEAT instrument have shown the lowest negative value to be −58 ppm. This noise is almost three times smaller and can be attributed to better spectral resolution from the FEAT instrument. 32 The 3 on-road limit of detection of the NH 3 channel is based on the standard deviation from a diesel vehicle without a three-way catalyst or SCR and is calculated at 0.78 g / kg fuel used or 33 ppm in exhaust corrected for excess air. This level of detection is more than adequate to measure NH 3 from passing vehicles whether produced by the catalyst or by ammonia slip.
This instrument provides the much needed ability to measure, quantify, and inventory on-road emissions of secondary aerosol precursor gases. Mandates for reductions of the oxides of nitrogen and particulate matter make DPF/SCR exhaust after treatment a popular choice. DPF/SCR employs both NO 2 and NH 3 . The system described above can measure both gases from a large number of vehicles in real, on-road use. The SO 2 channel is a tool to improve enforcement of low sulfur fuel use. This is especially useful now when the future of oil prices is uncertain and there is a great lure of illegal, lower cost, high sulfur fuel.
